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Abstract 
The solidification refining of Si using a Si–Sn solvent was investigated under various cooling 
conditions: (1) slow cooling, (2) slow cooling with electromagnetic stirring, and (3) directional 
solidification with the aim of developing a novel low-cost route for solar-grade Si production. The 
separation efficiency of refined Si achieved by combining slow cooling and electromagnetic stirring 
was much higher than that achieved using directional solidification; in addition, the purification 
efficiency of the refined Si in both methods was similar. The separation mechanism of refined Si 
from a Si–Sn melt is also discussed. Purification testing of the refined Si revealed that more than 
96% of the metallic impurities, approximately 60% B, and over 70% P were removed.  
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1. Introduction 
The abundant and low-cost solar-grade Si (SOG-Si) feedstock is essential to the widespread use 
of solar cells to make use of clean and inexhaustible solar energy. There has been constant progress 
in reducing energy consumption for the modified Siemens and fluidized bed reactor processes as the 
mainstream techniques to produce semiconductor-grade Si as well as SOG-Si. However, the 
potential for cost reduction in these processes is limited because of the low Si productivity and 
chemical energy requirements for the conversion of metallurgical-grade Si (MG-Si) to gaseous 
compounds, followed by distillation, reduction, and deposition into high-purity Si. A promising 
sustainable process for producing SOG-Si – metallurgical refining – uses MG-Si as a starting 
material and may reduce production costs and offer special benefits in terms of productivity. 
The purification of MG-Si through metallurgical routes such as directional solidification [1, 2], 
slag refining [3-5], oxidation with plasma melting [6-9], and vacuum melting [10, 11] has been 
investigated. The individual process has its own limitations and does not allow removal of all 
impurities. Recently, solidification refining of Si using a Si–Al solvent at low temperature has been 
extensively investigated [12-15]. Based on the retrograde solubilities of impurity elements in solid Si 
[16], reduced thermodynamic stability of impurities was estimated at lower temperature. The 
advantage of this concept is that it exploits the enhanced solid/liquid segregation tendency of 
impurities at low temperature. Most impurities, including those with high segregation coefficients in 
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Si such as P and B, can be more effectively removed by this process compared with ordinary 
directional solidification. In addition to the Si–Al solvent, other Si-based solvents such as Si–Cu [17], 
Si–Ni [18], Si–Na [19], Si–Fe [20, 21], Si–Al (–Sn) [22-24], and Si–Al–Zn [25] solvents have been 
investigated for the removal of impurities; however, a more effective enhanced solid/liquid 
segregation tendency of impurities has not been achieved. The separation of primary Si (refined Si) 
from a Si-based solvent is another essential issue for the production of SOG-Si. Directional 
solidification of a Si–Al alloy was conducted to enhance the separation between refined Si and the 
Si–Al alloy [26]. Some researchers have focused on the separation of refined Si from Si–Al alloys 
using centrifugal [27] and rotary magnetic field separation [28] to overcome the separating difficulty 
caused by the similar density of Si and the Si–Al melt.  
    Recently, a Si–Sn alloy was selected as a promising solvent for Si refining with some unique 
advantages in terms of the removal of B and solidification [29-31]. The Si–Sn system has a moderate 
liquidus slope [32], which indicates a large amount of precipitation with a decrease in temperature. 
Moreover, Sn is an electrically inactive element in the Si solar cell, which indicates that a slight 
incorporation of Sn (10 ppmw level [33]) can be tolerated in the refined Si. In this study, the effect of 
the solidification process on the growth and separation of primary Si was investigated, and the 
separation mechanism was discussed. Finally, the experimental purification efficiency of refined Si 
was revealed. 
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2. Experimental  
To compare the effect of the solidification process on the Si growth and separation from the 
Si–Sn melt, three types of experiments were designed, as illustrated in Fig. 1. Commercial MG-Si 
was used to alloy with pure Sn to prepare a MG-Si–40 mol% Sn alloy, as shown in Fig. 2. A 
temperature range of 1628 to 1528 K was used such that 85 wt% Si could be theoretically 
precipitated according to the lever rule and the phase diagram in Fig. 2. 
  Fig. 1(a) provides an illustration of the experiment conducted by slowly cooling the sample in 
an electric resistance furnace. First, 24 g Sn–60 mol%MG-Si alloy was charged into a graphite 
crucible and maintained at 1628 K for 30 min to premelt the alloy under an Ar gas atmosphere. Then, 
the sample was cooled down to 1528 K at a cooling rate of 4 K/min followed by removal of the 
sample from the furnace and quenching with Ar gas. Fig. 1(b) provides an illustration of the 
experiment conducted by slowly cooling the sample in an induction furnace. First, 24 g of Sn–60 
mol%MG-Si alloy was charged into a graphite crucible and maintained at 1628±10 K for 30 min to 
premelt the alloy under an Ar gas atmosphere. Then, the sample was cooled down to 1528±10 K at a 
cooling rate of 4 K/min followed by turning the power off for rapid cooling of the sample. Fig. 1(c) 
provides an illustration of the experiment conducted using directional solidification of the sample in 
an electric resistance furnace combined with a vertical motion system controlled by a stepping motor. 
The MG-Si and pure Sn were pre-melted in a dense graphite crucible by induction heating in an Ar 
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atmosphere for preparing the Si–Sn alloys with initial compositions of Sn–60 mol%MG-Si. The 
pre-melted sample was placed into a closed-end mullite reaction tube, which was inserted into the 
furnace. The sample in the mullite tube was maintained above the liquidus temperature of the alloys 
for 30 min in an Ar atmosphere such that it was melted uniformly. The directional solidification was 
performed by lowering the mullite tube at a rate of 0.02 mm/min under a temperature gradient of 2.5 
K/mm, which was measured before the directional solidification experiments. Directional 
solidifications were achieved in the temperature range of 1628–1528 K. After the experiment, the 
sample was withdrawn from the mullite tube and cooled to room temperature. The sample was cut 
and polished in parallel to the growth direction for observation. 
The refined Si part was mechanically separated from the Si–Sn alloy, crushed to less than 50 µm 
and soaked in HCl for approximately 3 h. Then, the Si powder was filtered, washed to achieve 
neutrality by distilled water, and dried for chemical analysis. The Fe, Al, Ca, Ti, Sn, and B contents 
of the samples were analyzed using inductively coupled plasma–atomic emission spectroscopy. The 
P content of Si was measured using molybdenum blue absorption spectrometry (wavelength: 825 
nm). 
3. Results and discussion 
3.1 Separation and morphology of refined Si 
The refined Si obtained from the Si–Sn melt by slow cooling and directional solidification is 
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shown in Fig. 3. Fig. 3(a) reveals that the platelet-like Si crystals are mainly distributed on the 
surface and along the side wall for the cooling rate of 4 K/min. It can be seen from Fig. 3(b) that the 
Si crystals are mainly distributed at the bottom and along the side wall. In Fig. 3(c), bulk-like Si 
crystals were obtained at the bottom by the directional solidification. 
In Fig. (a), the primary Si crystals start to precipitate and grow during the cooling from 1628 to 
1528 K at a rate of 4 K/min. Because of the large density difference between Si and Sn, the primary 
Si crystals float up to the surface while the primary Si crystals also grow along the periphery of the 
crucible as the heat flows during slow cooling. In Fig. 3(b), Si crystals are successfully agglomerated 
at the bottom because of the combination of slow cooling and electromagnetic stirring in the 
induction furnace. The high Si-rich part was located at the bottom; nevertheless, the density of the 
solid Si was lower than that of the Si–Sn melt. Comparing the morphology of the refined Si between 
Fig. 3(a) and Fig. 3(b), the flotation of Si in Fig. 3(a) resulting from the density difference is not 
significant. In contrast, in Fig. 3(b), the high Si-rich part was agglomerated at the bottom of the 
crucible, which facilitates the separation of refined Si from the Si–Sn alloy. 
The agglomeration of Si at the bottom of the crucible was first tested and explained by combining 
directional solidification and the electromagnetic stirring effect by Yoshikawa and Morita [15]. In 
this study, the agglomeration of Si at the bottom of crucible was improved simply by combining 
slow cooling and the electromagnetic stirring effect, which is easier to achieve for practical 
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application. A schematic of the agglomeration of refined Si from the Si–Sn solvent in the induction 
furnace during slow cooling is presented in Fig. 4. A Lorentz force is generated from the interaction 
between the induced swirl current and the magnetic field toward the center of the melt, and upward 
and downward fluid flow are induced. However, the temperature gradient is driven in the 
perpendicular direction because of the difference in the swirl current intensity. As the crucible is 
slowly cooled down, Si is expected to start solidifying in the melt and around the crucible wall. Then, 
the plate-like precipitated Si grains are carried to the bottom by the downward fluid flows and 
subsequently pile up because of adhesion to each other. This process has the unique advantage of 
combining heating, refining, and separating in one simple step. 
 In Fig. 3(c), bulk-like Si crystals were obtained at the bottom by the directional solidification, 
which is desirable in terms of better separation of refined Si from the Si–Sn melt. The separation 
efficiency of refined Si from the melt is compared for the samples in Figs. 3(b) and (c). For the 
sample in Fig. 3(b), the formation of the agglomeration Si layer can be considered a coupling 
process of precipitation of primary Si under slow cooling and forced flow of liquid exerted by 
electromagnetic stirring. The separation process is dominated by the precipitation of primary Si 
under the cooling condition as the flow velocity of the liquid exerted by the electromagnetic force is 
faster. Therefore, the separation efficiency of refined Si can be evaluated by the thickness of the 
Si-rich layer divided by the cooling time, which is approximately 6.7×10-5 m/s. For the sample in Fig. 
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3(c), bulk Si was obtained by directional solidification. The growth rate of bulk Si was also 
calculated to be 4.4×10-8 m/s from the thickness of bulk Si divided by the duration of directional 
solidification. Considering the conservation of Si at the interface between diffusion at steady-state 
and growth of solid Si, the flux of Si per unit area is equal to the Si consumed in crystal growth, 
which can be expressed as follows: 
m
GDCCV =− )( liquidin  SiSi solidin  Si                          (1) 
)( liquidin  SiSi solidin  Si CCm
GDV
−⋅
=
.
                         (2) 
Here, CSi in solid Si and CSi in Si–Sn melt are the concentrations of Si in solid and liquid (mol/m3), 
respectively. G (K/m), V (m/s), and m (K) are the temperature gradient, growth rate, and liquidus 
slope of the Si–Sn phase diagram, respectively. D is the diffusion coefficient of Si in liquid (m2/s) 
[35]. The growth rate of Si was calculated at 1628 and 1528 K from Eq. (2) and compared with the 
experimental value, which is shown in Fig. 5. It can be observed from Fig. 5 that the experimental 
growth rate of Si is in between the calculated values of 1628 and 1528 K during the directional 
solidification from 1628 to 1528 K, which indicates that the growth of bulk Si is controlled by the 
diffusion of Si into the solid/liquid interface. Considering the practical application, highly efficient 
Si separation from the Si–Sn melt is essential. Based on the comparison, the sequence of potential 
application might be slow cooling with electromagnetic stirring, directional solidification, and just 
slow cooling. 
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3.2 Purification efficiency 
   The typical microstructure of the Si-rich part in Fig. 3(b) is shown in Fig. 6. The primary Si, 
namely refined Si, first precipitated under slow cooling by rejecting impurities into liquid phase. The 
impurities were concentrated in the liquid and formed the secondary impurity compounds. The 
chemical composition of the impurity compound phases was measured using electron probe 
microanalysis. Only the FeSi2 phase with trace elements of Ti and Sn was observed in the liquid 
upon cooling. CaSi2, which is generally formed upon slow cooling in MG-Si [34], was not observed 
in the Si–Sn liquid alloy. For slow cooling of the molten MG-Si, the impurity compounds generally 
precipitated on the grain boundary of Si and impaired the removal of impurities by acid leaching if 
the Si crystals were not crushed small enough. However, impurity compounds were formed in the 
liquid alloy using the Si–Sn solvent instead of being trapped at the Si grain boundary, which is 
beneficial to release the FeSi2 impurity phase from refined Si by acid leaching. 
The content of the impurities of refined Si are listed in Table 1, where the removal fraction is 
defined as the ratio of the impurity content of refined Si to that of MG-Si. Approximately 96% of 
metallic impurities such as Al and Ca were removed. The removal fractions of Fe and Ti were over 
98%. The removal fractions of B and P were near 60% and over 70%, respectively. Note that the 
removal fraction of Fe achieved by slow cooling with electromagnetic stirring was higher than that 
achieved using directional solidification. This result may be related to the microstructure observed in 
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Fig. 6, where the FeSi2 phase was formed in the liquid and easily removed by acid leaching. The 
incorporation of Sn in Si was slightly higher than the solid solubility of Sn in Si [35], which needs to 
be removed further to satisfy solar cell requirements. 
4. Conclusions 
The effect of solidification conditions imposed by various cooling techniques on the separation and 
purification of MG-Si from a Si–Sn melt was investigated. The separation efficiency of refined Si 
achieved by combining slow cooling and electromagnetic stirring was much higher than that 
achieved using directional solidification. In addition, the purification efficiency of refined Si in both 
methods was similar. After solidification refining, more than 96% of metallic impurities, such as Al, 
Fe, Ca, and Ti, was removed. The removal fractions of P and B were approximately 70% and 60%, 
respectively. The high recovery of refined Si with high purification efficiency agglomerated by 
electromagnetic force upon slow cooling clarified the potential of this approach for industrial 
application. 
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Fig. 1 Schematic diagram of experimental apparatus. 
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Fig. 2 Phase diagram of Si–Sn system [32]. 
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Fig. 4 Agglomeration of refined Si from Si–Sn solvent under electromagnetic stirring. 
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Fig. 5 Comparison of experimental and calculated growth rate of Si against temperature gradient in 
the temperature range of 1628–1528 K. 
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Fig. 6 Optical micrograph of impurity phase in MG-Si–40 mol% Sn alloy. 
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Table 1 The content of impurities in raw materials and refined Si with removal fractions (ppmw). 
Sample Al Fe Ca Ti B P Sn 
Sn 11.7 39.8 5.1 6.3 2.2 ---- Major 
MG-Si 790 2600 126 140 33 37 100 
Fig. 3(b): slow 
cooling with 
electromagnetic 
stirring 
31.1 
(96.1%) 
18.6 
(99.3%) 
4.8 
(96.2%) 
1.8 
(98.7%) 
13.5 
(59.1%) 
10.3 
(72.2%) 5943 
Fig. 3(c): 
directional 
solidification 
13.4 
(98.3%) 
44.3 
(98.3%) 
5.1 
(96.0%) 
1.1 
(99.2%) 
11.6 
(64.8%) 
9.7 
(73.8%) 5678 
 “----” under detect limitation. 
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• Effect of different solidification conditions were experimentally compared. 
• Refined Si crystals were highly recovered with high purification efficiency. 
• The separation mechanism of refined Si was clarified. 
• Slow cooling under electromagnetic stirring benefits industrial application. 
 
 
